Lead and cadmium in seabirds of South Africa by Summers, Carly
Clemson University
TigerPrints
All Theses Theses
8-2012
Lead and cadmium in seabirds of South Africa
Carly Summers
Clemson University, csummer@g.clemson.edu
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Environmental Sciences Commons
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
Summers, Carly, "Lead and cadmium in seabirds of South Africa" (2012). All Theses. 1445.
https://tigerprints.clemson.edu/all_theses/1445
  
 
 
 
 
 
 
 
LEAD AND CADMIUM IN SEABIRDS OF SOUTH AFRICA 
 
 
A Thesis 
Presented to 
the Graduate School of 
Clemson University 
 
 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Wildlife and Fisheries Biology 
 
 
by 
Carly Frances Summers 
August 2012 
 
 
Accepted by: 
Dr. William W. Bowerman, Co-Committee Chair 
Dr. Robert B. Powell, Co-Committee Chair 
Dr. William C. Bridges 
  
  ii 
ABSTRACT 
 
 
Levels of lead (Pb) and cadmium (Cd) were investigated as potential stressors in 
adult African penguins (Spheniscus demersus) in the Western Cape Province, South 
Africa and in nine species of breeding seabirds on Marion Island, South Africa. Seabirds 
are sentinels of environmental pollution and allow researchers to study contaminant 
dynamics in marine ecosystems. Many seabirds occupy high trophic positions, which 
gives them the potential to highlight threats to other apex predators from environmental 
pollutants. They also accumulate contaminants in higher concentrations because of their 
greater size and lifespan than may be detectable in lower trophic organisms. Blood 
samples were collected from African penguins between 2007 and 2011, and from nine 
species of seabirds on Marion Island in 2011. The whole blood method for graphite 
furnace atomic absorption spectroscopy was used to analyze samples. In penguins, the 
majority of blood Pb levels (97%) and blood Cd levels (80%) were within levels 
considered to be background exposure. Significant differences were observed among 
colonies, years, and seasons. The Pearson correlation coefficient between Pb and Cd for 
individual penguins was 0.3149 (p = 0.0005). Marion Island samples revealed individual 
blood Pb concentrations ranged from 0.80 (king penguin Aptenodytes patagonicus) to 
54.89 µg/dL (wandering albatross Diomedea exulans), the majority of blood Pb levels 
(95%) were below background exposure. Species was a significant factor (p = 0.0005) for 
mean blood Pb levels, which ranged from 3.62 (dark-mantled sooty albatross Phoebetria 
fusca) to 14.68 µg/dL (wandering albatross). Fewer individual blood Cd levels (less than 
60%) were within background exposure levels. Species was not significant (p = 0.7145). 
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The Pearson correlation coefficient between Pb and Cd was r = 0.3389 (p = 0.0262), and 
varied by species. Overall, the results suggest Pb and Cd are not a primary cause for 
concern in these seabirds. This work contributes to a multi-disciplinary ecological risk 
assessment for the declining population of African penguins and a component of the 
Seabird Health Survey organized by the Southern African Foundation for the 
Conservation of Coastal Birds (SANCCOB). 
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CHAPTER ONE 
A REVIEW OF STRESSORS TO AFRICAN PENGUIN (SPHENICUS DEMERSUS) 
POPULATIONS AT FIVE BREEDING COLONIES IN SOUTHERN AFRICA 
 
AFRICAN PENGUINS 
African penguins (Spheniscus demersus) are an endangered species endemic to 
southern Africa. These penguins are characterized as a non-migratory, inshore foraging 
species. The birds are confined to the coastal waters from central Namibia to South 
Africa’s Eastern Cape Province, breeding on offshore islands and limited mainland sites 
(Frost et al. 1976; Crawford et al. 2011). This is a region influenced by the nutrient-rich 
Benguela Current, which supports large stocks of Pacific sardine (Sardinops sagax) and 
European anchovy (Engraulis encrasicolus), two primary prey species of the African 
penguin.  
The population of African penguins has decreased from an estimated 575,000 at 
the start of the 20th century to approximately 180,000 in 1994, a nearly 70% loss 
(Crawford et al. 1995). Population decline has continued in the Western Cape Province 
from a mean of 35,000 breeding pairs (2001-2005) to 11,000 pairs in 2009 (Crawford et 
al. 2011). Stressors related to population declines are in two categories: historic and 
current. Historic pressures were egg collection for human consumption and nest 
disturbance and habitat destruction through guano collection for fertilizer. The long-term 
effects of these stressors continue to affect the population and compound the effects of 
current stressors. Current stressors include decreased food resources due to the purse-
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seine fishing industry, interspecific competition, effects of climate change in the 
Benguela System on food and habitat, and oil pollution.  
Exploitation of penguin eggs as a food resource began soon after the Cape Colony 
was established in 1652. Between 1900 and 1930, over 13,000,000 eggs were removed 
with an average harvest of 450,000 eggs per year (Frost et al. 1976). The greatest egg 
harvest exceeded 800,000 eggs in 1899 (Shelton et al. 1984). On Dassen Island, egg 
harvest records indicate a peak harvest of nearly 600,000 eggs in 1919 after which there 
was a steady decrease until 1968, when commercial egg harvest ceased (Shelton et al. 
1984). Although illegal egg collection continues, it is no longer implicated as a causative 
factor of population declines (Frost et al. 1976). 
Guano collection began in the middle of the 19th century (Best et al. 1997). The 
South African Government managed guano harvest from the 1890s until 1975, then gave 
control to private industry in 1976 (Best et al. 1997). Commercial guano collection 
ceased in the 1990s when permits lapsed (Best et al. 1997). Records indicate a peak 
harvest in the late 1920s at 3.6 million kg (Best et al. 1997). This practice negatively 
impacted African penguins, which utilized guano as a burrowing substrate because it 
afforded protection from predators and a stable microclimate (Davis & Renner 2003; 
Frost et al. 1976).  
In the absence of guano, penguins nest in sand burrows, rock nests, and in the 
open (Frost et al. 1976; Seddon & Vanheezik 1991; Sherley et al. 2012). In a study of 
natural nest materials, African penguin chick loss was lowest in rock nests, intermediate 
in sand burrows, and greatest in open nests; sand burrows were prone to collapse and 
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open nests were prone to weather events and predation (Seddon & Vanheezik 1991). 
Artificial nesting cavities have been developed and implemented to increase fledging 
success (Wilson 1989; Sherley et al. 2012). 
African penguins are dependent upon a supply of small, shoaling pelagic fish 
(Wilson 1985). The birds will feed upon cephalopods and fish larvae when the primary 
prey species (anchovies and sardines) are not available in sufficient quantities. Breeding 
success has been significantly correlated with the abundance of anchovy and sardine 
(Petersen et al. 2006; Crawford et al. 2011). During foraging, 79% of penguins observed 
at sea were within 12 km of the mainland, but only 8% were observed within 12 km of a 
breeding island (Siegfried et al. 1975). As measured by GPS loggers for single day 
foraging trips, distance and duration from colony from a mainland breeding site were 46-
53 km and 13.2 h, significantly greater than those of island breeding penguins (33 km, 
10.3 h), confirming these birds as inshore foragers (Petersen et al. 2006).  
Penguins compete with the purse-seine fishing industry for food resources. 
Between 2002 and 2007, the annual average landing caught by fisheries off the South 
African coast was 0.20 billion kg of anchovies and 0.23 billion kg of sardines (Pichegru 
et al. 2009). Penguin foraging areas for Dassen Island, Robben Island, Boulders Beach, 
and Dyer Island breeding colonies during that same period occurred in less than 3% of 
the area exploited by fisheries, but over 14% of the fisheries annual catch was caught in 
that region (Pichegru et al. 2009). Furthermore, this competition peaked during the 
penguin breeding period, a time of increased stress on penguins. This demonstrates 
competition between penguins and fisheries in highly productive areas. In a subsequent 
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study, when an area with a 20 km radius around the largest African penguin breeding 
colony (St Croix Island, Eastern Cape Province) was closed to purse-seine fishing, 
penguins increased foraging within the no-take zone within three months, decreasing 
foraging effort by 25-30% and daily energy expenditure by about 43% (Pichegru et al. 
2010). 
 African penguins are also facing competition from an expanding Cape fur seal 
(Arctocephalus pusillus pusillus) population (Crawford et al. 2001). The Cape fur seal 
population rebounded from early exploitation from a recorded low of approximately 
100,000 individuals in 1900 to over 1.5 mil individuals in 1997 (Best et al. 1997; 
Griffiths et al. 2005). From 1978-1986 at Mercury Island, Namibia, the growing seal 
population displaced 3% of the African penguin breeding population. Number of nests 
recorded decreased from 3,200 in 1978 to less than 1,200 in 1986 (Crawford et al. 1989).  
 Climate change is a global phenomenon that may have detrimental effects on 
African penguins. Penguins can avoid severe heat by going to sea. On land, they rid 
themselves of extra heat through postural thermoregulation, panting, and evaporation 
from patches of bare skin on the face (Davis & Renner 2003). Penguins may be limited in 
their capacity to deal with heat stress if the environment warms too rapidly. Rising sea 
levels could flood breeding islands. Penguins are already at a disadvantage from the loss 
of their guano breeding substrate, which created a stable and more suitable microclimate 
for breeders and chicks (Frost et al. 1976). If overheated parents must spend more time at 
sea, decreased nest attendance would leave chicks more vulnerable to predation. The 
penguin food source may also be affected by climate change. The Benguela System is 
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dependent on a cold, nutrient rich upwelling, changes in the timing or distribution would 
influence productivity of the sardine and anchovy fisheries that penguins depend on 
(Nicholson 2010).  
Oil pollution is a major threat to African penguins. Unlike volant species, 
penguins are more likely to encounter oil pollution on the ocean’s surface. Oiled 
penguins encounter both the toxic effects of oil ingestion and the physical effects of oiled 
plumage (Erasmus et al. 1981). Oil tanker traffic around the Cape increased following the 
closure of the Suez Canal in 1967 and the increased frequency of oil spills and oiled 
seabirds prompted the establishment of the South African Foundation for the 
Conservation of Coastal Birds (SANCCOB) in 1968 (Adams 1994; Wolfaardt et al. 
2009). Washing and rehabilitation post-oiling by SANCCOB has counteracted the 
population effects of these oiling events (Randall et al. 1980; Adams 1994; Wolfaardt et 
al. 2009). Although the Suez Canal reopened in 1975, the threat of oil pollution remains 
with 11 major spills affecting more than 30,000 penguins since 1975 (Wolfaardt et al. 
2009). Small, chronic spills from vessels other than tankers likewise contribute to 
ongoing pollution and have been implicated as a source of long-term harm to Magellanic 
penguins (Spheniscus magellanicus) on the Southwest Atlantic coast (Adams 1994; 
Garcia-Borboroglu et al. 2006). Legal restrictions have been enacted to combat pollution 
including the Prevention and Combating of Pollution of the Sea by Oil Act in 1981, 
although positive effects are limited by the ability to enforce the law.  
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STUDY AREAS 
Samples from five penguin colonies were used for this study: Dassen Island, 
Robben Island, Boulders Beach, Betty’s Bay, and Dyer Island (Figure 1.1). The Boulders 
Beach and Betty’s Bay colonies are onshore colonies while the other three sites are 
located on islands. 
Dassen Island (33°25’S 18°05’E) is approximately 8.6 km from shore and has an 
area of 2.7 km2. The first recorded sighting of penguins on the island was on 29 
November 1601 and penguins have been recorded there ever since (Frost et al. 1976; 
Shelton et al. 1984). Early seafarers exploited penguin eggs as a food source. The average 
harvest was over 450,000 eggs between 1900 and 1930 (Frost et al. 1976). In 1978, using 
nest transects and aerial photography, the penguin population was estimated between 
11,000 to 16,050 (Shelton et al. 1984). A more recent survey using the nest count method 
estimated less than 5,000 nests on the island in 2010 (Crawford et al. 2011). Presently, 
Dassen Island is not open to public visitation. 
Robben Island (33°50’S 18°20’E) is approximately 7.2 km from shore and has an 
area of approximately 5 km2. Following Dutch colonization of the Cape, the island served 
as a political prison from about 1658 until 1795. The island continued to serve as a place 
of exile under British occupation, the Union of South Africa, and the Republic of South 
Africa, from 1795 until 1996 (Robben Island Museum 2009). By 1800, human 
disturbance and exploitation caused penguins to cease breeding at Robben Island (Frost et 
al. 1976). Penguins recolonized the island in 1983 following the immigration and 
subsequent breeding of about 20 birds (Shelton et al. 1984). This population grew as 
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nearby food resources were accessed and by 1996 the colony had grown to about 3,100 
breeding pairs (Crawford et al. 1995). Since 1997, the island has served as a museum and 
a heritage site offering four tours per day, resulting in high human and vehicular traffic 
for penguins living on the island (Robben Island Museum 2009). 
Dyer Island (34°41’S 19°24’E) is approximately 4.4 km from shore, has an area 
of 0.2 km2, and is the easternmost seabird island in the Western Cape Province. 
Throughout the nineteenth century, the penguin colony was exploited for its rich deposits 
of guano and later for eggs for human consumption (Best et al. 1997). Over 160,000 eggs 
were collected between 1900 and 1910. No eggs were collected there until 1940, when 
43,000 eggs were collected in 1940 and 1941 (Shelton et al. 1984). The island is now 
managed as a Nature Reserve by Cape Nature and is not open to public visitation. In June 
1979, using the survey transect method, 22,655 nests were reported (Shelton et al. 1984). 
A more recent nest count survey found fewer than 2,000 nests for each year from 2007 to 
2010 (Crawford et al. 2011). 
Betty’s Bay (34°22’S 18°53’E) is an onshore colony established in 1982 and is 
also referred to as the Stony Point colony. The breeding ground is within 500 m of roads 
and residential housing. The colony is overseen by the Overstrand Municipality and was 
fenced off in 1987 to reduce disturbance. The first recorded successful mainland breeding 
of penguins in South Africa was here on 17 November 1982 (Broni 1983). The colony 
grew to four nests in 1984, 140 nests in 1990, and 487 in 2010 (Shelton et al. 1984; 
Crawford et al. 1995; Crawford et al. 2011).  
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Boulders Beach (34°11’S 18°27’E) is an onshore colony located near major 
thoroughfares and homes, as well as the shipping port of Simon’s Town. Views of the 
colony are accessible by a boardwalk and the beach is an extension of Table Mountain 
National Park, which is maintained by South African National Parks (South African 
National Parks (SAN Parks) 2011). Penguins colonized the beach in 1982 and by 2005 
had established over 1,200 nests (Crawford et al. 2000; Crawford et al. 2011). This 
number decreased to fewer than 1,000 nests between 2007 and 2010 (Crawford et al. 
2011). 
 
OBJECTIVES 
 The overall objective of this study was to conduct a screening level risk 
assessment for lead (Pb) and cadmium (Cd), two toxic heavy metals, in seabirds of South 
Africa. Blood samples were analyzed for Pb and Cd using graphite furnace atomic 
absorption spectroscopy. The second chapter examines concentrations of blood Pb and 
Cd in adult African penguins in the Western Cape Province, South Africa. Chapter Two 
has three objectives: (1) to quantify the concentrations and spatial distributions of Pb and 
Cd, (2) to determine if significant temporal trends exist, and (3) to determine if Pb and Cd 
are a source of concern for penguins in the Western Cape Province. The third chapter 
examines concentrations of blood Pb and Cd in nine species of breeding seabirds on 
Marion Island, South Africa. Chapter Three has three objectives: (1) to quantify the 
concentrations of Pb and Cd, (2) to determine if significant interspecific differences exist, 
and (3) to determine if Pb and Cd are a source of concern for the breeding seabirds of 
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Marion Island. This work also serves as a component of the Seabird Health Survey, a 
larger ecological risk assessment organized by SANCCOB. The Seabird Health Survey 
was developed to identify baseline health information in terms of haematology, 
biochemistry, serology, and parasitology for the seabirds of South Africa. These baseline 
values will inform and direct future conservation and monitoring. 
 This thesis was written in journal style and organized into four chapters, two of 
which are intended for publication and consist of an introduction, methods, results, and 
discussion. Repetition in some sections (i.e. Introduction, Methods, Results, Discussion, 
and Literature Cited) may occur. The two publishable chapters are preceded by this 
Review chapter and followed by an overall Conclusions chapter.  
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Figure 1.1: Map of five African penguin (Spheniscus demersus) breeding colonies 
sampled in this study. 
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CHAPTER TWO 
 
LEAD AND CADMIUM LEVELS IN THE BLOOD OF ADULT AFRICAN 
PENGUINS (SPHENISCUS DEMERSUS) FROM THE  
WESTERN CAPE PROVINCE, SOUTH AFRICA 
INTRODUCTION 
African penguins (Spheniscus demersus) are an endangered species endemic to 
southern Africa. The population of African penguins has decreased from an estimated 
575,000 in the 1900s to approximately 180,000 in 1994, a nearly 70% loss, and 
population decline has continued (Crawford et al. 1995; Crawford et al. 2011). Historic 
stressors were egg collection for human consumption and guano collection for fertilizer 
(Frost et al. 1976; Best et al. 1997). Current stressors include decreased food resources 
due to the purse-seine fishing industry, competition with expanding Cape fur seal 
(Arctocephalus pusillus pusillus) populations, effects of climate change in the Benguela 
System on food and habitat, and oil pollution (Crawford et al. 1989; Crawford et al. 2001; 
Petersen et al. 2006; Crawford 2007; Wolfaardt et al. 2009; Pichegru et al. 2010; 
Crawford et al. 2011; Sherley et al. 2012). 
Lead (Pb) is a toxic metal with no known biological requirement for birds. In the 
earth’s crust, Pb is relatively rare. Following the Industrial Revolution, anthropogenic 
activities including the manufacture of batteries, smelter operations, and fossil fuel 
consumption have caused a disequilibrium in the biogeochemical cycle of Pb (Eisler 
1988; Von Schirnding & Fuggle 1996; de Villiers et al. 2010). Environmental 
broadcasting of Pb residues poses a hazard for wildlife species (Eisler 1988; Franson & 
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Pain 2011). The primary uptake routes of Pb in birds are inhalation and ingestion. 
However, Pb did not demonstrate a trophic relationship in one study and did not 
systematically increase in a second (Nfon et al. 2009; Atici et al. 2010; Soto-Jimenez et 
al. 2011). In birds, adverse effects of Pb include damage to hematopoietic, vascular, 
nervous, renal, or reproductive systems (Kendall & Scanlon 1982; Lumeij 1985; Burger 
& Gochfeld 1985; Scheuhammer 1987; Blus et al. 1991; Bakalli et al. 1995; Jose 
Rodriguez et al. 2010).  
Exposure and effects of Pb have been described in four levels: background, 
subclinical, clinical, and severe clinical (Franson & Pain 2011). Background exposure is 
equivalent to concentrations in the wider environment far from emission sources. The 
other three levels represent elevated or above background exposure. Subclinical levels 
cause physiological effects but are insufficient to severely reduce normal biological 
function (Franson & Pain 2011). Symptoms of clinical poisoning include: anemia, 
microscopic tissue lesions, anorexia, and muscular incoordination, and if further 
contamination occurs, severe clinical poisoning may result in death.  
Like Pb, cadmium (Cd) is also a toxic metal with no known biological 
requirement in birds. Following the Industrial Revolution, anthropogenic activities 
including smelter operations, fossil fuel consumption, fertilizer use, and battery and 
plastic stabilizer production altered the natural distribution of Cd (Eisler 1985; de Villiers 
et al. 2010). Because Cd is less volatile than Pb, atmospheric transport is less of a 
concern, but riverine transport is relatively more important and poses a hazard to aquatic 
wildlife species (Eisler 1985; Furness 1996; Wayland & Scheuhammer 2011). The 
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primary uptake route of Cd in birds is ingestion. Like Pb, Cd has not been definitively 
demonstrated to bioaccumulate and in at least one pelagic food chain was found to 
trophically dilute (Van der Lingen 2002; Nfon et al. 2009; Atici et al. 2010). In birds, 
adverse effects of Cd include decreased growth, anemia, and kidney damage (Eisler 
1985; Furness 1996).   
Effect levels for toxic levels of Cd are sparse, but field and experimental studies 
have provided results sufficient to delineate background exposure (Wayland & 
Scheuhammer 2011). For the purposes of our screening level study, we delineated 
between two categories of exposure: background and elevated.  
Crude oil is known to contain levels of Pb and Cd and could potentially serve as a 
contamination source for African penguins (Azubuike Iwegbue et al. 2007). The coast of 
southern Africa is adjacent to one of the world’s major shipping routes (Adams 1994). 
Traffic around the Cape increased following the closure of the Suez Canal in 1967 and 
the increased frequency of oil spills and oiled seabirds prompted the establishment of the 
South African Foundation for the Conservation of Coastal Birds (SANCCOB) in 1968 
(Adams 1994; Wolfaardt et al. 2009). Although the Suez Canal reopened in 1975, the 
threat of oil pollution remains with 11 major spills affecting more than 30,000 penguins 
since 1975 (Wolfaardt et al. 2009). Unlike volant species, penguins are more likely to 
encounter oil pollution on the ocean’s surface. Washing and rehabilitation post-oiling by 
SANCCOB has counteracted the population effects of these oiling events but may not 
address potential Pb and Cd toxicity (Randall et al. 1980; Adams 1994; Wolfaardt et al. 
2009). 
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Blood can be used to monitor recent exposure to heavy metals in humans and 
birds (Subramanian & Meranger 1981; Garcá-Fernández et al. 1996; Tirelli et al. 1996; 
Benito et al. 1999; van Wyk et al. 2001; Wayland et al. 2001; Wilson et al. 2004; Bazzi et 
al. 2008). In birds, Pb and Cd are absorbed into the bloodstream and quickly deposited 
into soft tissues including liver, kidney, bone, and growing feathers. Therefore, elevated 
levels are indicative of recent dietary exposure (Samuel et al. 1992; Franson & Pain 
2011; Wayland & Scheuhammer 2011). In a study of African vultures (Pseudogyps 
africanus, Gyps coprotheres, Torgos tracheliotos), researchers found similar mean Pb 
concentrations between blood, brain, liver, and muscle tissue, and suggest blood as a 
valuable indicator of body burden (van Wyk et al. 2001). Both blood and feather 
sampling can be conducted on live animals and are non-lethal. Blood collection is non-
invasive compared to liver, kidney, and bone sampling, and unlike feather sampling, 
blood is not contaminated by external sources. For these reasons, blood sampling is an 
effective method for monitoring toxic metals in endangered species. 
The first objective of this study was to quantify the concentrations and spatial 
distributions of Pb and Cd in adult African penguins in the Western Cape Province. The 
second objective was to determine if significant temporal trends exist in the 
concentrations of Pb and Cd. The third objective was to determine if Pb and Cd are a 
source of concern for penguins in the Western Cape Province.  
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METHODS 
Field Sample Collection 
Adult African penguins were sampled between 2007 and 2011 from five breeding 
colonies (Dassen Island, Robben Island, Dyer Island, Betty’s Bay, and Boulders Beach) 
in the Western Cape Province, South Africa (Figure 2.1). Permits for study were obtained 
from the appropriate authority for each site including Table Mountain National Park, 
Cape Nature, the Department of Environmental Affairs, United States Department of 
Agriculture (USDA), and Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES). At each study site, resting penguins or adult breeders 
with older chicks (full fluff) were captured by hand. No adults incubating eggs or 
brooding small chicks were disturbed. Blood was collected from the jugular vein by a 
veterinarian while the penguin was securely held. The holder extended the head and neck 
to expose the jugular vein for bleeding by the veterinarian. Between 10-20 mL of blood 
were collected using sterile techniques and processed onsite into vacutainers. Following 
sample collection, penguins were returned to site of capture. Starting in 2010, African 
penguins admitted to the Southern African Foundation for the Conservation of Coastal 
Birds (SANCCOB) were also sampled, using the same methods. These birds originated 
from multiple breeding populations in South Africa, including our five study colonies. 
The total number of samples collected was 221.  
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Sample Preparation 
Samples were prepared following protocols described in the Analytical Methods 
for Graphite Tube Atomizers User’s Guide by Agilent Technologies (Santa Clara, 
California USA). 100 µL of whole blood was digested by 100 µL of reaction solution. 
Reaction solution consisted of 99.6 mL 1% trace metal grade nitric acid (CAS#: 7697-37-
2, Fisher Scientific) solution (1:99 v/v nano-pure water) mixed with 0.2 mL Triton X-100 
(CAS#: 9002-93-1, Perkin Elmer) and 0.2 mL Anti-foam B (Emulsion of water CAS#: 
7732-18-5, dimethyl siloxanes CAS#: 63148-62-9, methyl cellulose CAS#: 9004-67-5, 
hydrogenated tallow glycerides CAS#: 68308-54-3, J.T. Baker). The digesting sample 
was vortexed for 30 sec then centrifuged at 1000 rpm for 3 min. 100 µL of supernatant 
liquid was collected then mixed with an additional 900 µL of 0.2% nitric acid solution 
(0.2 mL trace metal grade nitric acid and 99.8 mL nano-pure water) and vortexed an 
additional 30 sec. Prepared samples were stored at 6.5°C prior to analysis. Pb was 
analyzed first, then prior to Cd analysis samples were diluted to 1/5th of their previous 
concentration by mixing 200 µL of prepared sample with an additional 800 µL of 0.2% 
nitric acid solution (0.2 mL trace metal grade nitric acid and 99.8 mL nano-pure water) to 
bring concentrations within the appropriate range for graphite furnace analysis. 
 
Lead and Cadmium Analysis 
The prepared samples were analyzed using graphite furnace atomic absorption 
spectroscopy (GFAAS, Agilent Technologies, Santa Clara, California). Instrument 
parameters for Pb analysis were: detector wavelength 283.3 nm, slit width 0.5 nm, lamp 
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current 10.0 mA, sample volume 20 µL, atomization temperature 2100°C. Instrument 
parameters for Cd were: detector wavelength 228.8 nm, slit width 0.5 nm, lamp current 
4.0 mA, sample volume 20 µL, atomization 1800°C. All samples were replicated 4 times 
for both Pb and Cd analysis.   
The sample Pb and Cd concentrations were calculated and cross-referenced for 
quality assurance using Pb reference standard (lead nitrate CAS#: 10099-74-8, water 
CAS#: 7732-18-5, Perkin Elmer) and Cd reference standard (cadmium CAS#: 7440-43-9, 
nitric acid CAS#: 7697-37-2, water CAS#: 7732-18-5, Fisher Scientific). For Pb analysis, 
an initial standard solution of bulk concentration 100 µg/L was used to make five 
standard solutions (5, 10, 20, 40, and 80 µg/L). For Cd analysis, an initial standard 
solution of bulk concentration 100 µg/L was used to make three standard solutions (5, 10, 
and 15 µg/L). Each standard was analyzed with the graphite furnace with 3 replicates, 
which were used to calculate a standard curve for estimation of Pb and Cd 
concentrations. Graphite tube furnace detection limits for Pb and Cd are 0.02 and 0.003 
ng/mL respectively. During Pb and Cd analysis, quality checks were performed every 10 
samples to assure correct instrument and standard readings. If the quality check deviated 
from the standard, the samples were rerun and a new standard curve was calculated. The 
acceptable range of recovery was 85-115%.  
 
Statistical Analysis 
 Statistical analysis was performed using SAS® 9.2 statistical package (SAS 
Institute Inc., 2009). Means, standard deviations, medians, and ranges of blood Pb and Cd 
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concentrations were calculated for each colony by year. Data did not meet the 
assumptions of parametric analysis, therefore rank converted analysis of variance 
(ANOVA) was used to determine significant differences among colonies and among 
years. Rank converted means were compared using a one-way ANOVA and by 
performing pairwise comparisons with Fisher’s Least Significant Difference. Rank 
converted concentrations of Pb and Cd were compared spatially and temporally. Post-hoc 
analyses were performed on mainland site vs. island, and early sampling period (2007 or 
2008) vs. more recent sampling period (2010 or 2011). The Dyer Island colony was 
sampled twice in 2008, once on 31 January and once on 5 December. Due to the long 
period between sampling, the samples collected in December were treated as a separate 
year (2009) during analysis. 
Means, standard deviations, medians, and ranges were calculated for penguins 
admitted to SANCCOB. These values were not included in the colony statistical analysis 
because origins of individual birds were unknown.  
Pearson’s correlation coefficient was calculated as a function of all samples and 
of each colony by year to test for a relationship between Pb and Cd levels. The 
correlation coefficients by colony by year were compared using analysis of covariance 
(ANCOVA) and based on overlapping confidence intervals.  
 
RESULTS 
Blood sample concentrations of Pb varied by individual and by colony means by 
year, with varying significance of temporal and spatial relationships. Values for Pb are 
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reported based on sample data and statistics are reported based on rank converted 
analysis. Individual sample blood Pb values ranged from non-detect (N.D.) to 26.93 
µg/dL. Means by colony by year ranged from 5.11 to 13.65 µg /dL (Table 2.1). On 
Robben Island, for which there were four years of data, an increase in Pb concentration of 
approximately 8 µg/dL occurred in 2009 (t = 3.46, df = 122, p = 0.0007; Figure 2.2). Of 
the four colonies sampled in 2008, Robben Island displayed a smaller mean Pb 
concentration by 2.22-3.60 µg/dL (t = -0.61, df = 122, p = 0.0103). Mean concentration 
of Pb in blood samples collected in the first two years (2007 and 2008; 7.17 µg/dL) was 
significantly greater than mean blood Pb levels of samples collected in the last two years 
(2010 and 2011; 5.63 µg/dL; t = 2.87, df = 122, p = 0.0049). This decreasing trend was 
also significant on Dyer Island, from 9.09 µg/dL in 2008 to 6.28 µg/dL in 2010 (t = 2.17, 
df = 122, p = 0.0319). However, on Robben Island, there was an increasing trend from 
2007 and 2008 to 2011, but this trend was not significant (t = -0.21, df = 122, p = 
0.8304). In a comparison of two mainland colonies, the mean blood concentration of Pb 
at Betty’s Bay 2010 was approximately 2.5 µg/dL less than Boulders Beach 2008 (t = -
2.57, df = 122, p = 0.0113). Mean blood Pb of mainland vs. island colonies was not 
significant (t = 0.75, df = 122, p = 0.4553). The Dyer colony, which is furthest east, was 
not different from all other colonies (t = -0.62, df = 122, p = 0.5340). Robben Island, the 
only human inhabited island, did not differ from other islands for blood Pb (t = 1.80, df = 
122, p = 0.0740). Samples collected in winter vs. summer were not different (t = 1.10, df 
= 122, p = 0.2741).  
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Blood sample concentrations of Cd varied by individual and by colony means by 
year, which had both temporal and spatial factors. Values for Cd are reported based on 
sample data and statistics are reported based on rank converted analysis. Individual 
sample blood Cd values ranged from 0.03 to 65.22 µg/dL. Means by colony by year 
ranged from 0.72 to 25.77 µg/dL (Table 2.1). On Robben Island, an increase in Cd 
concentration also occurred in 2009 (t = 6.22, df = 110, p < 0.0001; Figure 2.3). Like Pb, 
of the four colonies sampled in 2008, Robben Island displayed a smaller mean Cd 
concentration by 2.69-8.15 µg/dL (t = -3.10, df = 110, p = 0.0025). Boulders Beach, the 
only mainland colony sampled in 2008, displayed the greatest mean blood Cd (8.87 
µg/dL, t = -2.54, df = 110, p = 0.0125). Mean blood Cd of mainland (12.61 µg/dL) vs. 
island (9.01 µg/dL) colonies was significantly greater (t = -3.67, df = 110, p = 0.0004). 
Mean concentration of Cd in blood samples collected in the first two years (2007 and 
2008; 5.09 µg/dL) was significantly less than in samples collected in the last two years, 
the reverse of Pb trends (2010 and 2011; 16.40 µg/dL; t = 6.94, df = 110, p < 0.0001). 
This increasing trend was also significant on Dyer Island, from 6.79 µg/dL in 2008 to 
16.26 µg/dL in 2010 (t = -2.58, df = 110, p = 0.0112) and on Robben Island from 
combined 2007 and 2008 to 2011 (t = -5.22, df = 110, p <0.0001). Samples collected in 
winter (18.74 µg/dL) had greater mean levels of Cd than samples collected in summer 
(4.59 µg/dL; t = -8.99, df = 110, p < 0.0001).  
The overall Pearson correlation coefficient between Pb and Cd within individual 
penguins was r = 0.3149 (df = 117, p = 0.0005; Figure 2.4). Correlations varied among 
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colonies and years. Of 11 correlations, five were positive, significant, and greater than 
0.5, but six showed no correlation (Table 2.4).  
 
DISCUSSION 
 Based on toxic reference values for avian blood, the majority of our sampled 
penguins (97%) were within levels considered background exposure (<20 µg/dL) 
(Franson & Pain 2011). Those with levels greater than 20 µg/dL may experience sub-
clinical symptoms of lead exposure including suppression of delta-aminolevulinic acid 
dehydratase (ALAD) activity (Thompson & Dowding 1999). ALAD is required in the 
synthesis of heme, a component of hemoglobin. This could have long-term negative 
consequences to individuals. 
The approximately 8 µg/dL increase in blood Pb concentration in 2009 at Robben 
Island may be attributable to an oil leak that was discovered in September on the 
Sikhululekile ferry, which transports tourists to and from Robben Island. For that year, 
samples were collected in late August. Therefore, if the leak was undetected for a period 
of time, it is possible the oil was affecting the inshore foraging waters of the island before 
it was corrected.  
The decrease in blood Pb from early sampling years (2007 and 2008) to later 
sampling years (2010 and 2011) coincides with the phasing out of leaded motor vehicle 
fuel in 2007. A study of children in Cape Town and the surrounding suburbs 
demonstrated a similar decline in blood Pb in humans following the reduction in 
maximum permissible petrol lead concentration and the introduction of unleaded petrol. 
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The range of measured blood Pb values in that study was 1.0-24.5 µg/dL, very similar to 
the range results reported in our study (Mathee et al. 2006). We attempted to account for 
possible confounding factors such as colony effect by examining trends within colonies. 
The Dyer Island colony supported our overall results with a significant decrease from 
2008 to 2010 while the Robben Island colony demonstrated an insignificant, but 
increasing trend. This suggests more samples should be collected, particularly at colonies 
only sampled early in the study period such as Dassen Island and Boulders Beach.  
 The difference in mean blood Pb concentration at two mainland colonies, Betty’s 
Bay and Boulders Beach, may be attributable to locations factors or temporal factors. 
Betty’s Bay penguins had lower blood Pb than Boulders Beach penguins, but Betty’s Bay 
was sampled in 2010, three years after the phasing out of leaded petrol, while Boulders 
Beach was sampled in 2008, only one year post-phase out. Another potential explanation 
for the elevated levels at Boulders Beach is the colony’s proximity to the naval port at 
Simon’s Town and the associated traffic.  
 Our findings are consistent with those of studies of other species of penguins. A 
study of Pb in the liver tissue of three species of Antarctic penguins (Pygoscelis papua, 
Pygoscelis adeliae, Pygoscelis antarctica) found concentrations consistent with 
background exposure (range of means 0.01-0.48 µg/g dw (dry weight)) (Szefer et al. 
1993). A study of Brazilian coast Magellanic penguins (Spheniscus magellanicus), the 
closest related species to the African penguin, found concentrations of liver Pb were close 
to or below the detection limit (0.1µg/g) (Vega et al. 2010). In a study of five species of 
penguins (Spheniscus humboldti, Spheniscus magellanicus, Eudyptes chrysolophus, 
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Eudyptes chrysocome, Aptenodytes patagonicus) held in captivity in Japan, all species 
demonstrated liver and kidney Pb levels two orders of magnitude below the levels 
defined as subclinical exposure (Ninomiya et al. 2004). Wild penguins (Eudyptes 
chrysolophus, Eudyptes chrysocome, Aptenodytes patagonicus) at Marion Island sampled 
in 2011 had blood Pb levels ranging from 0.80 to 13.07 µg/dL, thus all were within 
background exposure levels (Chapter 3).    
Like Pb, the majority of individual (80%) and mean colony (100%) blood Cd 
levels were within background exposure levels (<26 µg/dL) (Wayland & Scheuhammer 
2011). A lack of definitive toxic levels for blood cadmium in wild birds confounds 
interpretation of the 20% of individual samples with elevated exposure (Furness 1996). 
One potential effect of increased Cd concentration in individuals is the induction of 
metallothionein production. These low-molecular-weight proteins bind cadmium in a 
stable complex with a long biological half-life, protecting the organism from toxic effects 
(Klaassen et al. 2009).  
We are not able to provide a definitive source for the elevated Cd in a particular 
year, but several hypotheses can be put forward. The increase in blood Cd concentrations 
at the Robben Island colony in 2009 may be coincided with the increase in blood Pb and 
the elevated level in the following year may be the result of the long biological half-life 
of Cd. In a study of black mussel (Mytilus galloprovincialis) tissues in Cape Town 
harbor, elevated Cd levels were attributed to tanker and large freighter traffic; this could 
likewise affect penguins (Fatoki et al. 2012). The Boulders Beach colony had the greatest 
Cd accumulation in 2008, and the across years mean of mainland colonies was greater 
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than that of island colonies. This may be related to the proximity of Boulders Beach and 
Betty’s Bay to emission sources such as motor vehicles. Other potential causes could be 
natural sources in the Benguela System or the effect of upwelling on the bioavailability of 
Cd (Martin & Broenkow 1975; Griffiths et al. 2005). The increase in mean blood Cd 
levels over the study period is supported by increases at individual colony levels, which 
controls for some variation. However, results across years are confounded by the 
possibility of seasonal variation. 
The seasonal variation in Cd levels, higher in winter (18.74 µg/dL) than summer 
(4.59 µg/dL) is particularly interesting. This demonstrates a finer scale variation than was 
observed in blood Pb levels. The increased bioavailability could be the result of various 
factors such as changes in water quality parameters, increased tanker traffic, or changes 
in food resource use by the penguins. The waters of the Benguela upwelling area 
experience the coldest temperatures in winter coinciding with the highest particulate 
organic nitrogen (PON) availability (Silio-Calzada et al. 2008). In a review of the effects 
of metal pollution and temperature on metabolism in aquatic ectotherms, the majority of 
species demonstrated a positive temperature effect that is increasing uptake/accumulation 
with increasing temperature (Sokolova & Lannig 2008). The opposite pattern was 
observed in penguins, therefore temperature is not likely causing the observed increase. 
Alternatively, nutrient levels have been demonstrated to affect metal accumulation in 
marine phytoplankton, therefore the increased PON may have a food web effect (Wang & 
Dei 2001). Winter months correspond with chick-rearing, when adult breeders may be 
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food stressed and forced to switch to secondary food items such as cephalopods, which 
are known to accumulate higher levels of Cd (Bustamante et al. 1998).  
Another possibility is the mobilization of Cd for excretion into feathers during 
molt, which usually occurs in summer, between November and January, after the 
breeding season (Davis & Renner 2003). Penguins undergo a catastrophic molt, replacing 
all of their feathers over several weeks. This would give them a yearly opportunity to 
sequester Cd in newly forming feathers and is consistent with the pattern we observed. It 
has been demonstrated that with metals like mercury (Hg), birds are able to sequester a 
majority of their body burden in growing feathers (Burger et al. 1994). Cd in feathers 
varies by feather type and age, which could be related to atmospheric deposition or other 
external sources of Cd (Pilastro et al. 1993). This makes it difficult to assess the process 
by which the Cd contaminated the feathers, but does not preclude deposition during 
feather formation.  
Based on the questions posed by this finer scale variation, we suggest future 
African penguin studies include multiple sampling events from the same penguin over 
time. This would allow researchers to understand fluctuations in blood contaminant levels 
through the breeding and molting seasons and their potential effects on breeding success. 
For instance, in a study of spectacled eiders (Somateria fischeri), the probability of Pb 
exposure increased during the breeding season, the same could be true for Cd in penguins 
(Flint et al. 1997). This could have a negative impact on breeding success. 
The penguins with elevated blood Cd (20%) may not be suffering adverse effects 
of this exposure. In general, higher levels of cadmium are known to occur in marine bird 
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species without apparent adverse effects (Murton et al. 1978; Furness 1996; Wilson et al. 
2004; Wayland & Scheuhammer 2011). For example, levels in some albatrosses on 
Gough Island far exceeded levels found in other birds and the levels that would have 
severe toxic effects in man, yet the birds showed no ill effects (Muirhead & Furness 
1988). Other authors suggest pelagic seabirds have adapted to cadmium-rich ecosystems 
(Murton et al. 1978; Osborn 1978; Osborn et al. 1979). Bull et al. (1977) assert that high 
levels of Cd occur naturally in the environment and demonstrate elevated levels in sea-
skaters (Halobates micans) distant from industrial Cd sources. 
Elevated concentrations of Cd in outwardly healthy penguins is supported by the 
findings of similar studies in other species of penguins. In Antarctic penguins, elevated 
liver Cd levels (range of means 3.19-10.70 µg/g dw); were attributed to elevated 
concentrations in squid (Todarodes pacificus), an important food source (Honda & 
Tatsukawa 1983; Szefer et al. 1993). Liver Cd in Magellanic penguins, a more northern 
species, was variable (range 1.0-29.3 µg/g ww) but within the range reported for healthy 
penguins (range 0.102-106.67 µg/g dw). The authors attributed differences in individuals 
to variation in foraging locations (Vega et al. 2010). The penguins of Marion Island also 
had a wide range of measured Cd levels: between 0.84 to 97.12 µg/dL in the blood, and 
over 25% were above background exposure levels (Chapter 3). In a study of captive 
penguins, mean liver Cd was 0.19-1.71 µg/g ww and mean kidney Cd was 1.30-9.76 µg/g 
ww, less than those found in wild penguins (Ninomiya et al. 2004).  
At this time, the data are inconclusive on whether there is a relationship between 
blood Pb and Cd levels. If Pb and Cd originated from the same source of pollution, for 
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example an oil spill, we would expect correlation to be close to 1. However, over half of 
the colony by year analyses demonstrated no significant correlation. We noted that all of 
the colonies with significant positive correlations had over ten samples. This suggests 
that colonies with fewer than ten samples may not be adequately represented. Further, 
colonies may not be a valid experimental unit because of the large variation within 
individuals. Individual level health parameters such as disease or body weight may be 
more influential. Additional research in this area needs to be done to affirm or deny a link 
between the two metals. 
Not investigated in this research, but another potential study would be to monitor 
accumulations of Pb and Cd in chicks. This is suggested by van Wyk et al. (2001) with 
Pb in blood in African white-backed vulture (Pseudogyps africanus) nestlings and piloted 
by Stewart et al. (1997) with Cd in kidney and liver tissues in Cory’s shearwater 
fledglings (Calonectris diomedea). The developing young are more susceptible to the 
adverse effects of toxic metals such as learning impairment and behavioral deficits, even 
at levels considered below those that produce overt toxicity (Hoffman et al. 1985; Burger 
& Gochfeld 1985; Burger & Gochfeld 1997). In terms of temporal variation, chicks 
concentrate these metals during a specific time period (hatching to fledging) while adults 
have the opportunity to reduce body burden during periods such as molt (Stewart et al. 
1997). This could also answer questions such as how and when chicks are exposed to 
toxic metals and if there is a link between adult and chick exposure. 
 
  31 
CONCLUSIONS 
 Overall, the results suggest Pb and Cd are not currently primary causes for 
concern in adult African penguin populations in the Western Cape Province, South 
Africa. Trends in Pb exposure suggest the toxic metal is decreasing in the environment, 
potentially related to the removal of lead from motor vehicle fuel. The increasing trend in 
Cd is more puzzling and may be related to water quality factors, such as the influence of 
temperature or PON content in the Benguela System, or to the annual molt completed by 
the penguins. More research will need to be conducted to elucidate this pattern. This 
work serves as a vital portion of an ecological risk assessment and a component of the 
Seabird Health Survey organized by SANCCOB. To establish site-specific background 
exposure levels and ensure Pb and Cd do not begin to propose a problem, at minimum we 
suggest yearly sampling of all colonies. 
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Table 2.1: Mean, standard deviation, median and range of lead (Pb) and cadmium (Cd) blood levels in adult African 
penguins (Spheniscus demersus) from five colonies in the Western Cape Province, South Africa and penguins 
admitted to the Southern African Foundation for the Conservation of Coastal Birds (SANNCOB) rehabilitation 
facility. 
Area Pb (µg/dL)             Cd (µg/dL)           
Year n Mean SD Median Range  n Mean SD Median Range 
Dassen                               
2007 9 7.36 2.57 7.77 1.67 - 10.42  8 9.25 14.19 4.49 3.00 - 44.29 
2008 10 7.71 1.49 8.12 4.70 - 9.22  9 3.41 2.84 2.68 1.28 - 10.39 
Robben                
2007 10 5.57 1.46 5.90 2.47 - 7.75  9 1.50 1.37 1.07 0.44 - 3.90 
2008 10 5.49 2.14 6.34 N.D. - 7.40  5 0.72 0.63 0.72 0.03 - 1.41 
2009 10 13.65 8.70 13.70 0.18 - 26.93  7 25.77 9.64 30.35 10.32 - 37.30 
2011 16 5.49 3.04 5.86 1.16 - 11.73  18 16.59 17.27 17.41 0.20 - 65.22 
Boulders Beach              
2008 9 7.78 3.95 7.86 N.D. - 12.94  8 8.87 6.08 8.59 0.75 - 19.14 
Betty's Bay               
2010 20 5.11 3.86 4.40 0.04 - 17.20  20 16.34 8.89 15.39 6.62 - 35.88 
Dyer                
2008 10 9.09 2.89 8.42 4.15 - 12.72  10 6.79 4.85 7.04 0.19 - 14.21 
2009 11 6.30 1.53 6.07 4.17 - 8.93  10 1.61 1.25 1.30 0.28 - 3.74 
2010 18 6.28 3.90 7.06 1.11 - 12.54   17 16.26 12.48 9.47 2.77 - 46.25 
SANCCOB                             
2010 39 5.39 3.44 4.93 0.10 - 15.30  37 15.68 14.07 9.48 0.14 - 50.74 
2011 28 4.52 3.95 2.68 0.25 - 12.07   24 13.75 14.25 8.41 0.15 - 41.13 
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Table 2.2: Differences among colonies and years for blood lead 
concentration in adult African penguins (Spheniscus demersus) in 
the Western Cape Province, South Africa. Rank based on rank 
converted analysis of means. *Colonies with the same letter are not 
significantly different (alpha = 0.05). 
Colony (Year) Rank Mean Median           
Robben (2009) 1 13.65 13.70 A         
Dyer (2008) 2 9.09 8.42 A     
Dassen (2008) 3 7.71 8.12 A B    
Boulders (2008) 4 7.78 7.86 A B C   
Dassen (2007) 5 7.36 7.77 A B C D  
Dyer (2010) 6 6.28 7.06  B C D E 
Dyer (2009) 7 6.30 6.07  B C D E 
Robben (2011) 8 5.49 5.86   C D E 
Robben (2008) 9 5.49 6.34    D E 
Robben (2007) 10 5.57 5.90    D E 
Betty (2010) 11 5.11 4.40         E 
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Table 2.3: Differences among colonies and years for blood cadmium 
concentration in adult African penguins (Spheniscus demersus) in the 
Western Cape Province, South Africa. Rank based on rank converted 
analysis of means. *Colonies with the same letter are not significantly 
different (alpha = 0.05). 
Colony (Year) Rank Mean Median             
Robben (2009) 1 25.77 30.35 A           
Betty (2010) 2 16.34 15.39 A B     
Dyer (2010) 3 16.26 9.47 A B     
Robben (2011) 4 16.59 17.41  B C    
Boulders (2008) 5 8.87 8.59  B C D   
Dassen (2007) 6 9.25 4.49   C D   
Dyer (2008) 7 6.79 7.04   C D   
Dassen (2008) 8 3.41 2.68    D E  
Dyer (2009) 9 1.61 1.30     E F 
Robben (2007) 10 1.50 1.07     E F 
Robben (2008) 11 0.72 0.72           F 
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Table 2.4: Correlation coefficients (r) and 
probabilities (p) for lead and cadmium in the 
blood of adult African penguins (Spheniscus 
demersus) from five colonies in the Western 
Cape Province, South Africa.  
Area       
Year n r p 
Dassen       
2007 8 -0.0752 0.8596 
2008 9 -0.5437 0.1302 
Robben    
2007 9 0.5631 0.1144 
2008 5 0.6063 0.2783 
2009 7 -0.0530 0.9101 
2011 16 0.7863 0.0003 
Boulders Beach    
2008 7 -0.5466 0.2042 
Betty's Bay    
2010 20 0.5965 0.0055 
Dyer    
2008 10 0.6683 0.0347 
2009 10 0.8413 0.0023 
2010 17 0.7719 0.0003 
All colonies 118 0.3149 0.0005 
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Figure 2.1: Map of five African penguin (Spheniscus demersus) breeding colonies 
sampled in this study.  
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Figure 2.2: A comparison of mean blood lead values (µg/dL) at three African penguin 
(Spheniscus demersus) island breeding colonies sampled between 2007 and 2011. 
Colonies were not sampled consistently across years. Standard deviation bars are shown. 
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Figure 2.3: A comparison of mean blood cadmium values (µg/dL) at three African 
penguin (Spheniscus demersus) island breeding colonies sampled between 2007 and 
2011. Colonies were not sampled consistently across years. Standard deviation bars are 
shown. 
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Figure 2.4: Correlation between blood lead (Pb) and cadmium (Cd) for 118 adult African 
penguins (Spheniscus demersus) from five colonies in the Western Cape Province, South 
Africa. 
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CHAPTER THREE 
LEAD AND CADMIUM IN THE BLOOD OF NINE SPECIES OF BREEDING 
SEABIRDS, MARION ISLAND, SOUTH AFRICA 
 
INTRODUCTION 
Seabirds are sentinels of environmental pollution and allow researchers to study 
contaminant dynamics in marine ecosystems (Furness & Camphuysen 1997). Many 
seabirds occupy high trophic positions, which gives them the potential to highlight threats 
to other apex predators. They also accumulate contaminants to higher concentrations 
because of their greater size and lifespan than may be detectable in lower trophic 
organisms. Breeding and nesting habits make seabirds predictably accessible for 
scientific research.  
Our study was conducted using nine species of breeding seabirds on Marion 
Island, South Africa. The species sampled in this study are northern giant petrel 
(Macronectes halli), southern giant petrel (Macronectes giganteus), crozet shag 
(Phalacrocorax (atriceps) melanogenis), wandering albatross (Diomedea exulans), light-
mantled sooty albatross (Phoebetria palpebrata), dark-mantled sooty albatross 
(Phoebetria fusca), king penguin (Aptenodytes patagonicus), macaroni penguin 
(Eudyptes chrysolophus), and southern rockhopper penguin (Eudyptes chrysocome) 
(Table 3.1). Intensive monitoring of these seabird populations on the island was 
conducted by Crawford and Cooper (2003) and continues. Threats to seabird populations 
that nest in this area include increasing populations of fur seal (Arctocephalus spp.), 
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climate change, and incidental mortality in longline fisheries (Kock 2001; Smith 2002; 
Bester et al. 2003). Environmental pollutant concentrations have not been recorded for 
seabirds from this location. 
Lead (Pb) is a toxic metal with no known biological requirement for birds. In the 
earth’s crust, Pb is relatively rare. Following the Industrial Revolution, anthropogenic 
activities including the manufacture of batteries, smelter operations, and fossil fuel 
consumption has caused a disequilibrium in the biogeochemical cycle of Pb. 
Environmental broadcasting of Pb residues poses a hazard for wildlife species (Eisler 
1988; Franson & Pain 2011). The primary uptake routes of Pb in birds are inhalation and 
ingestion. Pb did not demonstrate a trophic relationship in one study and did not 
systematically increase in a second (Nfon et al. 2009; Atici et al. 2010; Soto-Jimenez et 
al. 2011). In birds, adverse effects of Pb include damage to hematopoietic, vascular, 
nervous, renal, or reproductive systems (Kendall & Scanlon 1982; Lumeij 1985; Burger 
& Gochfeld 1985; Scheuhammer 1987; Blus et al. 1991; Bakalli et al. 1995; Jose 
Rodriguez et al. 2010).  
Exposure and effects of Pb have been described in four levels: background, 
subclinical, clinical, and severe clinical (Franson & Pain 2011). Background exposure is 
equivalent to concentrations in the wider environment far from emission sources. The 
other three levels represent elevated or above background exposure. Subclinical levels 
cause physiological effects but are insufficient to severely reduce normal biological 
function (Franson & Pain 2011). Symptoms of clinical poisoning include: anemia, 
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microscopic tissue lesions, anorexia, and muscular incoordination, and if further 
contamination occurs, severe clinical poisoning may result in death.  
Like Pb, cadmium (Cd) is also a toxic metal with no known biological 
requirement in birds. Following the Industrial Revolution, anthropogenic activities 
including smelter operations, fossil fuel consumption, fertilizer use, and battery and 
plastic stabilizer production altered the natural distribution of Cd. Because Cd is less 
volatile than Pb, atmospheric transport is less of a concern, but riverine transport is 
relatively more important and poses a hazard to aquatic wildlife species (Eisler 1985; 
Furness 1996; Wayland & Scheuhammer 2011). The primary uptake route of Cd in birds 
is ingestion. Like Pb, Cd has not been definitively demonstrated to bioaccumulate and in 
at least one pelagic food chain was found to trophically dilute (Van der Lingen 2002; 
Nfon et al. 2009; Atici et al. 2010). In birds, adverse effects of Cd include decreased 
growth, anemia, and kidney damage (Eisler 1985; Furness 1996).   
Effect levels for toxic levels of Cd are sparse, but field and experimental studies 
have provided results sufficient to delineate background exposure (Wayland & 
Scheuhammer 2011). For the purposes of our screening level study, we delineated 
between two categories of exposure: background and elevated. 
Blood can be used to monitor recent exposure to heavy metals in humans and 
birds (Subramanian & Meranger 1981; Garcá-Fernández et al. 1996; Tirelli et al. 1996; 
Benito et al. 1999; van Wyk et al. 2001; Wayland et al. 2001; Wilson et al. 2004; Bazzi et 
al. 2008). In birds, Pb and Cd are absorbed in the bloodstream and quickly deposited into 
soft tissues including liver, kidney, bone, and growing feathers. Therefore, elevated levels 
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are indicative of recent dietary exposure (Samuel et al. 1992; Franson & Pain 2011; 
Wayland & Scheuhammer 2011). In a study of African vultures (Pseudogyps africanus, 
Gyps coprotheres, Torgos tracheliotos), researchers found similar mean Pb 
concentrations between blood, brain, liver, and muscle tissue, and suggest blood as a 
valuable indicator of body burden (van Wyk et al. 2001). Both blood and feather 
sampling can be conducted on live animals and are non-lethal. Blood collection is non-
invasive compared to liver, kidney, and bone sampling, and unlike feather sampling, 
blood is not contaminated by external sources. For these reasons, blood sampling is an 
effective method for long-term monitoring of toxic metals in threatened and endangered 
species. 
The first objective of this study was to quantify the concentrations of Pb and Cd 
in nine breeding species of breeding seabirds on Marion Island in 2011. The second 
objective was to determine if significant differences among species exist in the 
concentrations of Pb and Cd. The third objective was to determine if Pb and Cd are a 
source of concern for seabirds breeding on Marion Island.  
 
METHODS 
Study Area 
 Marion Island (46°54’S, 37°45’E) is the larger of two islands comprising the 
Prince Edward Island archipelago (PEI) and is approximately 2,300 km southeast of Cape 
Town, South Africa (Mortimer & Jansen van Vuuren 2007) (Figure 3.1). In total, 29 
species of birds have been recorded breeding in the archipelago, which led to its 
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designation as an Important Bird Area by BirdLife International (Barnes 1998; Crawford 
& Cooper 2003).  
 
Field Sample Collection 
Adult seabirds of nine species were sampled in 2011. Permits for study were 
obtained from the Department of Environmental Affairs, United States Department of 
Agriculture, and Convention on International Trade in Endangered Species of Wild 
Fauna and Flora (CITES). Resting birds or adult breeders with older chicks were captured 
by hand or by net. Blood was collected from the jugular vein in rockhopper and macaroni 
penguins and crozet shag, from the flipper vein in king penguins, and from the leg vein in 
the other birds by a veterinarian while the bird was securely held. Up to 3 mL of blood 
was collected using sterile techniques and processed onsite into vacutainers. Following 
sample collection, birds were returned to site of capture. The total number of samples 
collected was 46.  
 
Sample Preparation 
Samples were prepared following protocols described in the Analytical Methods 
for Graphite Tube Atomizers User’s Guide by Agilent Technologies (Santa Clara, 
California USA). 100 µL of whole blood was digested by 100 µL of reaction solution. 
Reaction solution consisted of 99.6 mL 1% trace metal grade nitric acid (CAS#: 7697-37-
2, Fisher Scientific) solution (1:99 v/v nano-pure water) mixed with 0.2 mL Triton X-100 
(CAS#: 9002-93-1, Perkin Elmer) and 0.2 mL Anti-foam B (Emulsion of water CAS#: 
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7732-18-5, dimethyl siloxanes CAS#: 63148-62-9, methyl cellulose CAS#: 9004-67-5, 
hydrogenated tallow glycerides CAS#: 68308-54-3, J.T. Baker). The digesting sample 
was vortexed for 30 sec then centrifuged at 1000 rpm for 3 min. 100 µL of supernatant 
liquid was collected then mixed with an additional 900 µL of 0.2% nitric acid solution 
(0.2 mL trace metal grade nitric acid and 99.8 mL nano-pure water) and vortexed an 
additional 30 sec. Prepared samples were stored at 6.5°C prior to analysis. Pb was 
analyzed first, then prior to Cd analysis samples were diluted to 1/5th of their previous 
concentration by mixing 200 µL of prepared sample with an additional 800 µL of 0.2% 
nitric acid solution (0.2 mL trace metal grade nitric acid and 99.8 mL nano-pure water) to 
bring concentrations within the appropriate range for graphite furnace analysis. 
  
Lead and Cadmium Analysis 
The prepared samples were analyzed using graphite furnace atomic absorption 
spectroscopy (GFAAS, Agilent Technologies, Santa Clara, California). Instrument 
parameters for Pb analysis were: detector wavelength 283.3 nm, slit width 0.5 nm, lamp 
current 10.0 mA, sample volume 20 µL, atomization temperature 2100°C. Instrument 
parameters for Cd were: detector wavelength 228.8 nm, slit width 0.5 nm, lamp current 
4.0 mA, sample volume 20 µL, atomization 1800°C. All samples were replicated 4 times 
for both Pb and Cd analysis.   
The sample Pb and Cd concentrations were calculated and cross-referenced for 
quality assurance using Pb reference standard (lead nitrate CAS#: 10099-74-8, water 
CAS#: 7732-18-5, Perkin Elmer) and Cd reference standard (cadmium CAS#: 7440-43-9, 
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nitric acid CAS#: 7697-37-2, water CAS#: 7732-18-5, Fisher Scientific). For Pb analysis, 
an initial standard solution of bulk concentration 100 µg/L was used to make five 
standard solutions (5, 10, 20, 40, and 80 µg/L). For Cd analysis, an initial standard 
solution of bulk concentration 100 µg/L was used to make three standard solutions (5, 10, 
and 15 µg/L). Each standard was analyzed with the graphite furnace with 3 replicates, 
which were used to calculate a standard curve for estimation of Pb and Cd 
concentrations. Graphite tube furnace detection limits for Pb and Cd are 0.02 and 0.003 
ng/mL respectively. During Pb and Cd analysis, quality checks were performed every 10 
samples to assure correct instrument and standard readings. If the quality check deviated 
from the standard, the samples were rerun and a new standard curve was calculated. The 
acceptable range of recovery was 85-115%.  
 
Statistical Analysis 
 Statistical analysis was performed using SAS® 9.2 statistical package (SAS 
Institute Inc., 2009). Means, standard deviations, medians, and ranges of blood Pb and Cd 
concentrations were calculated for each species. A hypothesis test of mean concentration 
greater than zero for both blood Pb and Cd by species was conducted. Data did not meet 
the assumptions of parametric analysis, therefore rank converted analysis of variance 
(ANOVA) was used to determine significant differences among species. Rank converted 
means were compared using a one-way ANOVA and by performing pairwise 
comparisons with Fisher’s Least Significant Difference. Post-hoc analyses were 
performed on body size, migratory status, across and within families.  
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Pearson’s correlation coefficient was calculated as a function of all samples and 
of each species to test for a relationship between Pb and Cd. The correlation coefficients 
by species were compared using an analysis of covariance (ANCOVA) and based on 
overlapping confidence intervals.  
 
RESULTS 
Blood sample concentrations of Pb varied by individual, by species, and in some 
instances by or within families. Values for Pb are reported based on sample data and 
statistics are reported based on rank converted analysis. Individual blood Pb 
concentrations ranged from 0.80 (king penguin) to 54.89 µg/dL (wandering albatross). 
Means by species ranged from 3.62 (dark-mantled sooty albatross) to 14.68 µg/dL 
(wandering albatross; Table 3.2). The majority of individual blood Pb values (95%) and 
all of species mean blood Pb values were within levels considered background exposure 
(<20 µg/dL) (Franson & Pain 2011). The elevated individual samples are split between 
two wandering albatross samples which measured 22.16 µg/dL in the range of subclinical 
effects (20-50 µg/dL) and 54.89 µg/dL in the range of clinical effects (50-100 µg/dL) 
(Franson & Pain 2011). Rank analysis for non-parametric data concluded that species 
was a significant factor in blood Pb concentrations (F = 4.66, df1 = 8, df2 = 37, p = 
0.0005; Table 3.3). A sensitivity analysis to a single outlying observation (54.89 µg/dL, 
wandering albatross) was conducted, and species was still a significant factor (F = 4.52, 
df1 = 8, df2 = 36, p = 0.0007). The Procellariidae had approximately 3 µg/dL greater 
mean blood Pb than other families (t = -3.55, df = 37, p = 0.0011). Wandering albatrosses 
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had approximately 10 µg/dL greater mean blood Pb than other Diomedeidae species (t = -
3.68, df = 37, p = 0.0007). Comparison of long range foragers to inshore foragers was not 
significant (t = 1.85, df = 37, p = 0.0727).  
 Blood sample concentrations of Cd varied by individual, but were not 
significantly different between species or families. Values for Cd are reported based on 
sample data and statistics are reported based on rank converted analysis. Individual blood 
Cd concentrations ranged from 0.35 (crozet shag) to 97.12 µg/dL (king penguin). Means 
by species ranged from 4.28 (light-mantled sooty albatross) to 35.34 µg/dL (crozet shag; 
Table 3.2). The majority of individual blood Cd levels (59%) were within levels 
considered background exposure, as were the majority (55%) of mean species blood Cd 
levels  (<26 µg/dL) (Wayland & Scheuhammer 2011). Rank analysis for non-parametric 
data concluded that species was not a significant factor in blood Cd concentrations (F = 
0.65, df1 = 8, df2 = 35, p = 0.7267; Table 3.4).  
 Pearson’s correlation coefficient was significant and positive for a relationship 
between Pb and Cd when all samples were pooled (r = 0.3389, p = 0.0262). However, 
when correlation coefficients were examined by species, the majority showed no 
significant relationship (Table 3.5).   
 
DISCUSSION 
Our results found only two specimens with elevated blood Pb levels, the 
remainder were within background exposure levels. The high level of blood Pb observed 
in the wandering albatross may be related to their long lifespan or long-range foraging 
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behavior. The one specimen with blood Pb in the clinical range may have been suffering 
from acute exposure through the ingestion of a lead fishing weight, but without gizzard 
contents or x-ray imaging it is impossible to determine the cause. Because all other blood 
Pb values were within the acceptable background exposure range, we conclude that Pb 
poisoning is not a primary threat to the seabirds of Marion Island.  
The levels of blood Pb measured in this study are largely consistent with the 
findings of other studies of the same and similar species. In a study of blood Pb in 
northern and southern giant petrels on Bird Island (South Georgia, Antarctica), levels 
were significantly greater for northern giant petrels (Gonzalez-Solis et al. 2002). We 
found the same pattern, although our result was not significant, but this may be 
attributable to a low sample size. Levels of blood Pb in another study of northern and 
southern giant petrels and wandering albatross were below detection limits (Anderson et 
al. 2010). A study of Pb in the liver tissue of three species of Antarctic penguins 
(Pygoscelis papua, Pygoscelis adeliae, Pygoscelis antarctica) found concentrations 
consistent with background exposure (range of means 0.01-0.48 µg/g dw (dry weight); 
(Szefer et al. 1993). On the Brazilian coast Magellanic penguins (Spheniscus 
magellanicus) had concentrations of liver Pb were close to or below the detection limit 
(0.1 µg/g) (Vega et al. 2010). In African penguins, levels of blood Pb ranged from N.D. 
(non-detect) to 26.93 µg/dL, demonstrating a similar pattern of contamination in a few 
individuals with the majority within background exposure levels (Chapter 2). Levels of 
feather Pb in the Cape cormorant (Phalacrocorax capensis) were greater than those of 
four other species studied on the Namibian coast, but were within the range of levels 
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reported for numerous other studies (Burger & Gochfeld 2001). All together, these 
findings support our conclusions that Pb is a background contaminant. 
 Over 40% of individual blood Cd levels were above expected background 
exposure levels, this suggests the birds breeding on Marion Island are accumulating Cd in 
levels greater than would be expected in an unexposed environment. The elevated levels 
are not significant by species, which suggests Cd contamination occurs at the individual 
level.  
In general, higher levels of cadmium are known to occur in marine bird species 
without apparent adverse effect (Murton et al. 1978; Furness 1996; Wilson et al. 2004; 
Wayland & Scheuhammer 2011). For example, levels in some albatrosses on Gough 
Island far exceeded levels found in other birds and the levels that would have severe toxic 
effects in man, yet the birds showed no ill effects (Muirhead & Furness 1988). Other 
authors suggest pelagic seabirds have adapted to cadmium-rich ecosystems (Bull et al. 
1977; Murton et al. 1978; Osborn 1978; Osborn et al. 1979). Bull et al. (1977) assert that 
high levels of Cd occur naturally in the environment and demonstrate elevated levels in 
sea-skaters (Halobates micans) distant from industrial Cd sources.  
Potential exposure sources of increased Cd in the marine environment include 
food sources and naturally increased levels in upwelling areas. Food web sources for Cd 
in the Marion Island ecosystem include cephalopods. Elevated levels of Cd were found in 
cephalopods in the sub-Arctic and the Brazillian coast and corresponded with high Cd 
concentrations in top vertebrate predators including seabirds and cetaceans (Bustamante 
et al. 1998; Dorneles et al. 2007). In the Gough Island study, seabirds with particularly 
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high Cd were also consumers of squid (Honda & Tatsukawa 1983; Muirhead & Furness 
1988). Areas of oceanic upwelling increase Cd availability by opposing the downward 
transport of organic material (Martin & Broenkow 1975). The lee of Marion Island 
experiences localized upwelling in addition to the potential influence of the broad and 
more southerly upwelling in the Antarctic Circumpolar Current through the Polar Frontal 
Zone (Grindley & David 1985; Abouchami et al. 2011). Together, these natural factors 
may increase the bioavailability of Cd to the seabirds of Marion Island. 
Although we did not find species to be a significant factor in measured Cd levels, 
comparison to other studies is most readily done with means by species. In two studies, 
the blood Cd concentration was greater in northern giant petrels than southern giant 
petrels, the opposite of our findings (Gonzalez-Solis et al. 2002; Anderson et al. 2010). In 
the same Anderson et al. (2010) study, the wandering albatross had Cd levels between the 
northern and southern giant petrel while we found the wandering albatross to have the 
greatest Cd accumulation. An earlier study at Gough Island, South Atlantic Ocean, levels 
of Cd in kidney and liver in wandering albatross were the greatest of 15 species 
examined, but the order of measured contamination in the rockhopper penguin and sooty 
albatross was the reverse of our findings (rockhopper penguin > sooty albatross) 
(Muirhead & Furness 1988). In Antarctic penguins, elevated liver Cd levels were 
attributed to elevated concentrations in squid (Todarodes pacificus), an important food 
source (Honda & Tatsukawa 1983; Szefer et al. 1993). Liver Cd in Magellanic penguins, 
a more northern species, was variable but within the range reported for healthy penguins. 
The authors attributed differences in individuals to variation in foraging locations (Vega 
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et al. 2010). A health evaluation of rockhopper penguins in the Falkland Islands found 
elevated levels of Cd in the liver and kidney of healthy penguins and did not find 
conclusive evidence that Cd toxicity played a role in the previous year’s mortality 
(Keymer et al. 2001). Blood Cd levels in healthy African penguins ranged from 0.03 to 
65.22 µg/dL and 20% were above the background exposure level (Chapter 2). In cape 
cormorants (Phalacrocorax carbo) in Japan, levels of kidney Cd were within those 
considered background and were consistent with the findings of other studies (Saeki et al. 
2000). Cape cormorants displayed the highest concentration of feather Cd among four 
species studied on the coast of Namibia and this was slightly above the mean derived 
from a review of other studies (Burger & Gochfeld 2001). All together, our findings are 
supported with those of other studies of the same or similar species in which Cd is 
elevated without outward negative effect.  
 The overall significant positive correlation between blood Pb and Cd levels (r = 
0.3389, p = 0.0262) is complicated by wide variation across species and low sample 
numbers. We would expect a correlation closer to 1 if pollution originated from the same 
source. We report the pooled species correlation coefficient because it provides the 
greatest number of samples whereas some individual species had only two data points. 
However, a pooled species correlation coefficient may not accurately represent the 
relationship of Pb and Cd in seabirds if the biology of individual species influences 
uptake and distribution of toxic metals in the body.  
A comparison with another study revealed conflicting results with our findings. In 
a study of northern and southern giant petrels, the correlation between blood Pb and Cd 
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was positive and highly significant, whereas we found a strong negative, marginally 
significant correlation in northern giant petrels and no correlation in southern giant 
petrels (Gonzalez-Solis et al. 2002).  
Temporal variation may also have affected our results. Decrease in levels of 
heavy metals varied by species over the sampling period (November to December), in the 
northern giant petrel levels of both Pb and Cd decreased while in southern giant petrels 
only Pb decreased (Gonzalez-Solis et al. 2002). The sampling period for that study 
occurred during incubation while our samples were collected in March, late in the chick-
rearing. Incubation is a time of greater nest attendance, therefore foraging distances may 
be shorter and limit interactions with pollutant sources while later chick-rearing may 
allow for parents to travel greater distances and accumulate metals from more distant 
sources.  
An interesting question yet to be answered is whether penguins could serve as a 
secondary source of pollution on Marion Island. As a remote island, nutrient cycling is 
strongly influenced by biotic factors (Smith 1987). Penguins undergo a catastrophic molt 
once a year. Rockhopper and macaroni penguins molt occurs following the breeding 
season, while king penguins will molt either before or after breeding (Davis & Renner 
2003). During this time, they are land bound. If they are able to mobilize stored Pb and 
Cd for excretion into newly forming feathers, molted feathers the next year could 
decompose on the island and alter the nutrient balance. Excretion of toxic metals during 
feather development has been demonstrated in other species and has proven valuable for 
biomonitoring, but the species studied thus far do not exhibit the same catastrophic molt 
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pattern (Pilastro et al. 1993; Burger et al. 1994). More research on excretory pathways for 
toxic metals as well as analysis of other biotic and abiotic factors on Marion Island will 
need to be collected before a definitive conclusion can be drawn.  
 
CONCLUSIONS 
 Overall, the results suggest Pb is not a primary cause for concern. Species was a 
significant factor although the great majority of individual blood Pb levels were within 
levels considered background exposure. The verdict on Cd is less certain. If all birds 
sampled were successful breeders, then the observed highs in blood Cd concentration are 
unlikely to be causing negative population effects. Elevated levels of Cd have been 
documented in marine species without apparent outward effects in prior studies, which 
suggests seabirds may be adapted to high cadmium environments, particularly from their 
diets. This research demonstrates that very low sample numbers with small ranges of 
measured values can detect significant differences. This sampling and analysis method 
lends itself to future toxicology studies, particularly in threatened or endangered species. 
This work serves as a vital portion of an ecological risk assessment and a component of 
the Seabird Health Survey organized by SANCCOB. To continue to establish site-
specific background exposure levels and ensure Pb and Cd do not begin to propose a 
problem, at minimum we suggest yearly sampling. 
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Table 3.1: Summary of select ecological information of nine species of breeding seabirds, Marion Island, South Africa sampled in 2011 sampled for 
lead and cadmium in 2011. 
Family Common name Scientific name IUCN Red list status Foraging Foraging ecology 
Estimated 
pairse 
Procellariidae Northern giant petrel Macronectes halli Least concern Long range
c Carrion, cephalopod, krill, offal, refuse from ships 295 
 Southern giant petrel Macronectes giganteus Least concern Long range 
Seal and penguin carcasses, offal, 
refuse from ships, and disgarded 
fish 
1430 
Phalacrocoracidae Crozet shagb Phalacrocorax (atriceps) melanogenis Least concern Inshore 
Fish, crustaceans, squid and 
benthic invertebrates 344 
Diomedeidae Wandering albatross Diomedea exulans Vulnerable Long range 
Patagonian toothfish, also 
cephalopods, other fish, ship 
refuse 
1869 
 Light-mantled sooty albatross Phoebetria palpebrata Near threatened Long range 
Cephalopods and euphausiids and 
also fish and carrion 179 
 Dark-mantled sooty albatross Phoebetria fusca Endangered Long range 
Squid, fish, crustaceans, and 
carrion 564 
Spheniscidae King penguin Aptenodytes patagonicus Least concern Inshore Fish, cephalopods 218000 
 Macaroni penguin Eudyptes chrysolophus Vulnerable Long ranged Krill 363000 
  Southern rockhopper penguin Eudyptes chrysocome Vulnerable Long range
d Krill and other crustaceans, squid, octopus and fish 67000 
** Unless otherwise noted, information is from International Union for Conservation of Nature Red List (IUCN 2012. IUCN Red List of Threatened 
Species. Version 2012.1. <www.iucnredlist.org>. Downloaded on 05 May 2012.) 
bConsidered a subspecies of the imperial shag 
cGonzalez-Solis, J., C. Sanpera, and X. Ruiz. 2002. Metals and selenium as bioindicators of geographic and trophic segregation in giant petrels 
Macronectes spp. Marine Ecology-Progress Series 244:257-264. 
dAdams, N. J., and C. R. Brown. 1989. Dietary differentiation and trophic relationships in the sub-Antarctic penguin community at Marion Island. 
Marine Ecology-Progress Series 57(3):249-258. 
eCrawford, R., and J. Cooper. 2003. Conserving surface-nesting seabirds at the Prince Edward Islands: The roles of research, monitoring and legislation. 
African Journal of Marine Science 25:415-426. 
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Table 3.2: Mean, standard deviation, median, and range of blood lead (Pb) and cadmium (Cd) levels of nine species of breeding seabirds, Marion 
Island, South Africa sampled in 2011. 
Species Pb (µg/dL)             Cd (µg/dL)           
 n Mean  SD Median Range  n Mean  SD Median Range 
Crozet shag 3 6.01  4.69 5.90 1.37 - 10.75  3 35.34  37.61 30.56 0.35 - 75.11 
Dark-mantled sooty albatross 4 3.62  2.33 3.07 1.45 - 6.89  3 19.81  15.80 27.69 1.62 - 30.13 
Light-mantled sooty albatross 3 5.12 ** 0.69 5.52 4.33 - 5.53  2 4.28  1.96 4.28 2.90 - 5.66 
Northern giant petrel 3 11.81 ** 2.06 12.78 9.44 - 13.22  3 19.41 * 5.61 16.44 15.90 - 25.88 
Southern giant petrel 4 8.48 *** 1.25 8.49 7.25 - 9.71  4 25.19  20.65 20.20 6.49 - 53.86 
Wandering albatross 9 14.68 * 15.98 9.91 3.46 - 54.89  8 32.19 *** 13.01 30.61 11.06 - 53.38 
King penguin 6 4.64  4.67 3.11 0.80 - 13.07  7 27.60  33.50 19.55 0.84 - 97.12 
Macaroni penguin 5 5.27 ** 1.74 5.07 2.95 - 7.06  5 21.19  19.96 8.45 3.73 - 46.23 
Rockhopper penguin 9 8.81 *** 1.39 8.43 7.10 - 11.23   9 27.11 ** 24.15 16.10 2.42 - 69.23 
In a hypothesis test of whether average lead and cadmium blood levels were greater than 0, p-value significance is represented by: <.05 (*), <0.01 
(**), and <0.001 (***) 
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Table 3.3: Differences of blood lead concentration of nine species of 
breeding seabirds, Marion Island, South Africa sampled in 2011. Rank 
based on rank converted analysis of means. *Colonies with the same letter are 
not significantly different (alpha = 0.05). 
Species Rank Mean Median         
Northern giant petrel 1 11.81 12.78 A    
Wandering albatross 2 14.68 9.91 A B   
Rockhopper penguin 3 8.81 8.43 A B   
Southern giant petrel 4 8.48 8.49 A B C  
Crozet shag 5 6.01 5.90  B C D 
Macaroni penguin 6 5.27 5.07   C D 
Light-mantled sooty albatross 7 5.12 5.52    D 
King penguin 8 4.64 3.11    D 
Dark-mantled sooty albatross 9 3.62 3.07       D 
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Table 3.4: Differences of blood cadmium concentration of nine 
species of breeding seabirds, Marion Island, South Africa sampled 
in 2011. Rank based on rank converted analysis of means. *Colonies 
with the same letter are not significantly different (alpha = 0.05). 
Species Rank Mean Median     
Wandering albatross 1 32.19 30.61 A  
Crozet shag 2 35.34 30.56 A B 
Rockhopper penguin 3 27.11 16.10 A B 
Southern giant petrel 4 25.19 20.20 A B 
Northern giant petrel 5 19.41 16.44 A B 
King penguin 6 27.60 19.55 A B 
Dark-mantled sooty albatross 7 19.81 27.69 A B 
Macaroni penguin 8 21.19 8.45 A B 
Light-mantled sooty albatross 9 4.28 4.28   B 
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Table 3.5: Correlation coefficient (r) and probabilities (p) 
between lead and cadmium in the blood of nine species of 
breeding seabirds, Marion Island, South Africa sampled in 
2011. A “.” marks where there was insufficient data for 
analysis. 
 
Species n r p 
Crozet shag 3 0.9959 0.0578 
Dark-mantled sooty albatross 3 0.0729 0.9536 
Light-mantled sooty albatross 2 . . 
Northern giant petrel 3 -0.9982 0.0379 
Southern giant petrel 4 -0.1518 0.8482 
Wandering albatross 8 0.6756 0.0659 
King penguin 6 0.9958 <0.0001 
Macaroni penguin 5 0.1863 0.7642 
Rockhopper penguin 9 -0.3829 0.3091 
All species 43 0.3389 0.0262 
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Figure 3.1: Location of Marion Island, South Africa 
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CHAPTER FOUR 
CONCLUSIONS 
The overall objective of this study was to conduct a screening level risk 
assessment for lead (Pb) and cadmium (Cd), two toxic heavy metals, in seabirds of South 
Africa. Blood levels of Pb and Cd were analyzed using graphite furnace atomic 
absorption spectroscopy. Levels of these toxic metals in blood have not previously been 
recorded.  
The first chapter reviewed the past and present stressors to the declining African 
penguin population with an emphasis on five breeding colonies in the Western Cape 
Province. Historical stressors include egg collection for human consumption and nest 
disturbance and habitat destruction through guano collection for fertilizer. The long-term 
effects of these stressors continue to affect the population and compound the effects of 
current stressors such as decreased food resources due to the purse-seine fishing industry, 
interspecific competition, and oil pollution. 
The second chapter examines concentrations of blood Pb and Cd in adult African 
penguins in the Western Cape Province, South Africa. Chapter Two has three objectives: 
(1) to quantify the concentrations and spatial distributions of Pb and Cd, (2) to determine 
if significant temporal trends or spatial patterns exist, and (3) to determine if Pb and Cd 
are a source of concern for penguins in the Western Cape Province. We found that blood 
Pb levels in individuals ranged from N.D. (non-detect) to 26.93 µg/dL with 97% within 
background exposure levels. Blood Pb means by colony by year ranged from 5.11 to 
13.65 µg/dL and 100% were within background exposure levels. Blood Cd was more 
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variable both by individual (range 0.03 to 65.22 µg/dL) and by means by colony by year 
(range 0.72 to 25.77 µg/dL). Still, the majorities (80% individuals, 100% means by 
colony by year) were within levels considered background exposure. This study confirms 
the blood Pb level in adult penguins has decreased over the study period (2007 to 2011), 
while the blood Cd levels has increased. In terms of blood Pb, it appears fine scale 
geographic events could have localized impacts such as the increase in blood Pb at 
Robben Island in 2009, but a coarser geographic scale does not have a directional impact. 
Meanwhile, blood Cd shows both fine and coarser scale spatial effects. For instance, a 
localized increase in blood Cd at Robben Island in 2009 and an overall difference in 
colonies on the mainland vs. colonies on islands. Like spatial variation, blood Cd 
demonstrates fine and coarse scale temporal variation. The difference in blood Cd 
between seasons was significant, as was the increase over the study period. The seasonal 
variation could potentially be related to the breeding and molt cycle of penguins or 
perhaps to other abiotic factors such as oceanic upwelling. At this time, both Pb and Cd 
do not appear to be a primary cause for concern for the adult African penguin population 
in the Western Cape Province, South Africa. 
The third chapter examines concentrations of blood Pb and Cd in nine species of 
breeding seabirds on Marion Island, South Africa. Chapter Three has three objectives: (1) 
to quantify the concentrations of Pb and Cd, (2) to determine if significant interspecific 
differences exist, and (3) to determine if Pb and Cd are sources of concern for breeding 
seabirds of Marion Island. We found that blood Pb in individuals ranged from 0.80 (king 
penguin) to 54.89 µg/dL (wandering albatross). Variation in blood Pb by species was 
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significant and means by species ranged from 3.62 (light-mantled sooty albatross) to 
14.68 µg/dL (wandering albatross). The majority of individual blood Pb values (95%) 
and all of species mean blood Pb values were within levels considered background 
exposure. Interestingly, both samples with blood Pb above the background exposure 
threshold were from wandering albatross, which suggests that their specific biology may 
play a role in Pb accumulation. Blood sample concentrations of Cd varied by individual, 
but were not significantly different between species or families. This suggests that Cd 
contamination occurs at the individual level. Individual blood Cd concentrations ranged 
from 0.35 (crozet shag) to 97.12 µg/dL (king penguin). When compared to blood Pb and 
the results from Chapter Two, a smaller majority of individuals were below the 
background exposure level (59%). Elevated levels of Cd in seabirds without apparent 
adverse effects have been recorded in other studies and may suggest an adaptation to 
naturally higher levels occurring in ocean environments. Overall, Pb and Cd do not 
appear to be a primary cause for concern in seabirds of Marion Island, South Africa. 
Due to the preliminary nature of this project, there were limitations to our study. 
Archived samples from previous projects were made available for analysis, which caused 
colony representation by year to be irregular for Chapter Two. Also, limited sample sizes 
affected our ability to determine significance of some findings in both chapters. Future 
work should incorporate more and regular sampling.  
Our work serves as a component of the Seabird Health Survey, a larger and 
ongoing ecological risk assessment organized by the Southern African Foundation for the 
Conservation of Coastal Birds (SANCCOB). The Seabird Health Survey was developed 
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to identify baseline health information in terms of haematology, biochemistry, serology, 
and parasitology for the seabirds of South Africa. These baseline values will inform and 
direct future conservation and monitoring. 
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Appendix A 
Individual adult African penguin Data 
Table A-1: Concentrations of lead (Pb) and cadmium (Cd) blood levels 
in adult African penguins (Spheniscus demersus) from five colonies in 
the Western Cape Province, South Africa and penguins admitted to the 
Southern African Foundation for the Conservation of Coastal Birds 
(SANNCOB) rehabilitation facility. A “.” marks where there was 
insufficient sample for analysis or where a machine error occurred.  
 
Sample ID Colony Year  Pb (µg/dL)  Cd (µg/dL) 
AP52 Dassen 2007 7.6978 . 
AP53 Dassen 2007 6.8044 44.2861 
AP54 Dassen 2007 10.1692 2.9991 
AP55 Dassen 2007 7.9977 3.3091 
AP56 Dassen 2007 7.7674 5.3134 
AP57 Dassen 2007 10.4171 4.9440 
AP58 Dassen 2007 1.6727 3.6058 
AP59 Dassen 2007 7.8300 4.0278 
AP60 Dassen 2007 5.9054 5.5087 
AP42 Dassen 2008 8.9451 3.3119 
AP43 Dassen 2008 6.2109 1.4462 
AP44 Dassen 2008 8.5928 . 
AP45 Dassen 2008 9.2165 1.7330 
AP46 Dassen 2008 7.7758 2.7468 
AP47 Dassen 2008 6.5221 2.6814 
AP48 Dassen 2008 9.1710 4.8877 
AP49 Dassen 2008 8.4625 1.2766 
AP50 Dassen 2008 7.5413 2.2039 
AP51 Dassen 2008 4.7030 10.3942 
AP1 Robben 2007 4.8297 . 
AP2 Robben 2007 5.9830 1.0744 
AP3 Robben 2007 5.6818 0.5951 
AP4 Robben 2007 7.7510 3.9032 
AP5 Robben 2007 6.9336 1.3869 
AP6 Robben 2007 5.9715 1.2002 
AP7 Robben 2007 6.0406 3.7804 
AP8 Robben 2007 4.2324 0.4442 
AP9 Robben 2007 5.8284 0.4524 
AP10 Robben 2007 2.4690 0.7003 
AP11 Robben 2008 4.7781 0.0307 
AP12 Robben 2008 7.4017 . 
AP13 Robben 2008 6.8307 . 
AP14 Robben 2008 0.0000 . 
AP15 Robben 2008 4.7937 . 
AP16 Robben 2008 6.2343 1.4069 
AP17 Robben 2008 6.5668 0.7169 
AP18 Robben 2008 6.8585 1.2845 
AP19 Robben 2008 6.4553 0.1741 
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AP20 Robben 2008 4.9531 . 
AP91 Robben 2009 5.1315 30.7714 
AP92 Robben 2009 20.6418 . 
AP93 Robben 2009 16.8245 10.3249 
AP94 Robben 2009 4.9425 37.3043 
AP95 Robben 2009 0.1770 14.9176 
AP96 Robben 2009 26.9313 . 
AP97 Robben 2009 20.3788 26.2213 
AP98 Robben 2009 20.7178 30.4808 
AP99 Robben 2009 10.2374 30.3515 
AP100 Robben 2009 10.5658 . 
AP214 Robben 2011 5.5006 22.2056 
AP215 Robben 2011 . 25.7199 
AP216 Robben 2011 5.2523 28.1823 
AP217 Robben 2011 2.4970 16.4373 
AP218 Robben 2011 8.0352 23.8824 
AP219 Robben 2011 8.0825 31.7602 
AP220 Robben 2011 9.6419 26.3861 
AP221 Robben 2011 11.7310 65.2249 
AP222 Robben 2011 6.4276 30.2323 
AP223 Robben 2011 6.5143 18.3762 
AP234 Robben 2011 6.2250 1.4081 
AP235 Robben 2011 3.0714 0.8850 
AP236 Robben 2011 1.1565 0.7073 
AP237 Robben 2011 2.2773 1.1646 
AP238 Robben 2011 . 0.1961 
AP239 Robben 2011 1.1659 0.3848 
AP240 Robben 2011 6.5733 1.5971 
AP241 Robben 2011 3.7177 3.8025 
AP61 Boulders 2008 9.4383 . 
AP62 Boulders 2008 0.0000 13.2603 
AP63 Boulders 2008 12.9420 . 
AP64 Boulders 2008 7.8044 4.7213 
AP65 Boulders 2008 7.8642 0.7455 
AP66 Boulders 2008 3.5238 12.9156 
AP67 Boulders 2008 10.1303 8.5616 
AP68 Boulders 2008 . 19.1359 
AP69 Boulders 2008 11.0596 8.6220 
AP70 Boulders 2008 7.2318 2.9951 
AP169 Betty 2010 4.3599 10.3402 
AP170 Betty 2010 1.3417 6.9524 
AP171 Betty 2010 1.6624 8.3499 
AP172 Betty 2010 2.5111 10.3634 
AP173 Betty 2010 4.3410 7.5006 
AP174 Betty 2010 0.0361 6.6183 
AP175 Betty 2010 1.3187 9.3863 
AP176 Betty 2010 2.2827 7.0302 
AP177 Betty 2010 2.8886 14.4118 
AP178 Betty 2010 2.8412 7.5799 
AP204 Betty 2010 8.2524 22.0612 
AP205 Betty 2010 4.4352 21.0914 
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AP206 Betty 2010 6.0758 20.7239 
AP207 Betty 2010 7.1715 28.0537 
AP208 Betty 2010 17.1989 17.8689 
AP209 Betty 2010 5.9750 26.3411 
AP210 Betty 2010 7.3237 16.3624 
AP211 Betty 2010 7.3626 35.8823 
AP212 Betty 2010 9.4073 29.6927 
AP213 Betty 2010 5.3948 20.0909 
AP21 Dyer 2008 7.9352 0.7315 
AP25 Dyer 2008 7.3550 2.4860 
AP28 Dyer 2008 8.8631 7.3970 
AP30 Dyer 2008 12.4825 4.0831 
AP32 Dyer 2008 12.2037 10.8265 
AP37 Dyer 2008 4.1546 0.1856 
AP38 Dyer 2008 6.3484 6.6876 
AP39 Dyer 2008 12.7171 14.2059 
AP40 Dyer 2008 10.8477 12.1269 
AP41 Dyer 2008 7.9831 9.1704 
AP22 Dyer 2009 6.0683 1.1955 
AP23 Dyer 2009 4.6376 0.2767 
AP24 Dyer 2009 8.9310 3.3990 
AP26 Dyer 2009 4.1702 0.3115 
AP27 Dyer 2009 6.1927 1.3967 
AP29 Dyer 2009 7.1925 3.7364 
AP31 Dyer 2009 6.5391 . 
AP33 Dyer 2009 5.8197 0.5928 
AP34 Dyer 2009 6.0015 0.9579 
AP35 Dyer 2009 4.9778 1.5304 
AP36 Dyer 2009 8.7618 2.7139 
AP179 Dyer 2010 2.5111 9.4672 
AP180 Dyer 2010 1.7939 9.3702 
AP181 Dyer 2010 1.1075 7.0954 
AP182 Dyer 2010 2.2748 4.0311 
AP183 Dyer 2010 9.2062 8.4481 
AP184 Dyer 2010 1.3464 5.7601 
AP185 Dyer 2010 2.2351 8.0482 
AP186 Dyer 2010 4.0956 6.2999 
AP224 Dyer 2010 12.3563 . 
AP225 Dyer 2010 10.0326 22.3805 
AP226 Dyer 2010 4.4875 2.7739 
AP227 Dyer 2010 12.5406 28.3651 
AP228 Dyer 2010 8.0107 34.4246 
AP229 Dyer 2010 7.4268 14.6990 
AP230 Dyer 2010 11.2218 46.2462 
AP231 Dyer 2010 7.7204 22.8039 
AP232 Dyer 2010 6.6969 16.3156 
AP233 Dyer 2010 8.0339 29.8994 
AP101 SANCCOB 2010 4.9346 2.7918 
AP102 SANCCOB 2010 3.0669 0.5430 
AP103 SANCCOB 2010 3.3265 0.2502 
AP104 SANCCOB 2010 2.4893 1.8547 
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AP105 SANCCOB 2010 10.9311 3.0032 
AP106 SANCCOB 2010 3.0535 1.0097 
AP107 SANCCOB 2010 4.0296 . 
AP108 SANCCOB 2010 3.3645 0.1422 
AP109 SANCCOB 2010 0.0964 . 
AP110 SANCCOB 2010 2.9401 1.5546 
AP111 SANCCOB 2010 2.5877 1.6680 
AP142 SANCCOB 2010 5.2623 11.3629 
AP143 SANCCOB 2010 6.5770 29.4783 
AP144 SANCCOB 2010 5.3800 16.0609 
AP145 SANCCOB 2010 . . 
AP146 SANCCOB 2010 6.5234 24.8965 
AP147 SANCCOB 2010 6.2394 21.7801 
AP148 SANCCOB 2010 . . 
AP149 SANCCOB 2010 8.7003 19.8134 
AP150 SANCCOB 2010 13.1707 42.8417 
AP151 SANCCOB 2010 6.4274 28.0396 
AP152 SANCCOB 2010 . . 
AP153 SANCCOB 2010 . . 
AP154 SANCCOB 2010 . . 
AP155 SANCCOB 2010 11.5419 38.2133 
AP156 SANCCOB 2010 6.0914 16.4006 
AP157 SANCCOB 2010 5.6728 28.0172 
AP158 SANCCOB 2010 6.2660 26.2343 
AP159 SANCCOB 2010 4.9346 25.6010 
AP160 SANCCOB 2010 . . 
AP161 SANCCOB 2010 . . 
AP162 SANCCOB 2010 . . 
AP163 SANCCOB 2010 6.7036 31.0157 
AP164 SANCCOB 2010 12.4698 45.7972 
AP165 SANCCOB 2010 15.3017 50.7405 
AP166 SANCCOB 2010 5.2080 19.1049 
AP167 SANCCOB 2010 7.6043 21.1994 
AP168 SANCCOB 2010 . . 
AP194 SANCCOB 2010 0.8795 3.9047 
AP195 SANCCOB 2010 1.1238 9.4834 
AP196 SANCCOB 2010 2.3739 5.7296 
AP197 SANCCOB 2010 2.1269 7.1084 
AP198 SANCCOB 2010 3.9355 5.9778 
AP199 SANCCOB 2010 4.7092 8.3104 
AP200 SANCCOB 2010 3.0177 7.4263 
AP201 SANCCOB 2010 4.2560 7.3667 
AP202 SANCCOB 2010 2.8966 8.4070 
AP203 SANCCOB 2010 3.8817 6.8706 
AP112 SANCCOB 2011 2.5012 . 
AP113 SANCCOB 2011 1.8166 1.7421 
AP114 SANCCOB 2011 0.6619 0.7932 
AP115 SANCCOB 2011 1.6847 0.8547 
AP116 SANCCOB 2011 0.7635 15.9768 
AP117 SANCCOB 2011 2.7960 . 
AP118 SANCCOB 2011 2.6854 0.8814 
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AP119 SANCCOB 2011 2.2471 1.6594 
AP120 SANCCOB 2011 3.1004 0.9093 
AP121 SANCCOB 2011 2.0966 0.1501 
AP122 SANCCOB 2011 . . 
AP123 SANCCOB 2011 . . 
AP124 SANCCOB 2011 8.7804 37.2385 
AP125 SANCCOB 2011 . . 
AP126 SANCCOB 2011 10.7956 19.0072 
AP127 SANCCOB 2011 10.0781 39.6685 
AP128 SANCCOB 2011 . . 
AP129 SANCCOB 2011 12.0692 26.5527 
AP130 SANCCOB 2011 0.3843 . 
AP131 SANCCOB 2011 . . 
AP132 SANCCOB 2011 . . 
AP133 SANCCOB 2011 9.6188 34.9655 
AP134 SANCCOB 2011 10.7658 32.3795 
AP135 SANCCOB 2011 0.9610 1.3590 
AP136 SANCCOB 2011 9.2403 41.1281 
AP137 SANCCOB 2011 8.3487 23.5093 
AP138 SANCCOB 2011 9.9605 . 
AP139 SANCCOB 2011 . . 
AP140 SANCCOB 2011 . . 
AP141 SANCCOB 2011 . . 
AP187 SANCCOB 2011 1.7437 8.1992 
AP188 SANCCOB 2011 3.2619 7.5205 
AP189 SANCCOB 2011 3.5173 3.7016 
AP190 SANCCOB 2011 1.3819 5.2323 
AP191 SANCCOB 2011 0.2491 8.6146 
AP192 SANCCOB 2011 2.2916 8.6769 
AP193 SANCCOB 2011 2.6727 9.1926 
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Appendix B 
Individual Marion Island Seabird Data 
Table B-1: Individaul concentrations of lead (Pb) and cadmium (Cd) blood 
levels in nine species of breeding seabirds, Marion Island, South Africa 
sampled in 2011. A “.” marks where there was insufficient sample for 
analysis or where a machine error occurred. 
 
Species Sample ID Pb (µg/dL) Cd (µg/dL) 
Crozet shag M1 5.9027 30.5575 
Crozet shag M2 10.7475 75.1133 
Crozet shag M3 1.3749 0.3504 
King penguin M4 . . 
King penguin M5 2.3208 9.3401 
King penguin M6 . . 
King penguin M7 1.0359 2.5143 
King penguin M8 . . 
King penguin M9 3.9046 19.5509 
King penguin M10 13.0707 97.1248 
King penguin M11 6.7329 39.5731 
King penguin M12 0.7992 0.8358 
King penguin M13 . 24.2346 
Macaroni penguin M14 4.3915 39.3687 
Macaroni penguin M15 6.9038 46.2288 
Macaroni penguin M16 . . 
Macaroni penguin M17 . . 
Macaroni penguin M18 5.0650 8.1621 
Macaroni penguin M19 2.9468 8.4503 
Macaroni penguin M20 . . 
Macaroni penguin M21 . . 
Macaroni penguin M22 . . 
Macaroni penguin M23 7.0648 3.7334 
Northern giant petrel M24 12.7755 16.4383 
Northern giant petrel M25 9.4412 25.8767 
Northern giant petrel M26 13.2168 15.9041 
Rockhopper penguin M27 . . 
Rockhopper penguin M28 9.0429 16.0985 
Rockhopper penguin M29 11.2274 24.6996 
Rockhopper penguin M30 7.0954 55.0075 
Rockhopper penguin M31 7.8655 2.4186 
Rockhopper penguin M32 7.5709 48.0401 
Rockhopper penguin M33 10.6112 8.9143 
Rockhopper penguin M34 8.1125 7.8614 
Rockhopper penguin M35 8.4267 69.2279 
Rockhopper penguin M36 9.3584 11.6819 
Light-mantled sooty albatross M37 . . 
Light-mantled sooty albatross M38 5.5252 2.8952 
Light-mantled sooty albatross M39 5.5153 . 
Light-mantled sooty albatross M40 4.3338 5.6625 
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Dark-mantled sooty albatross M41 1.4504 30.1302 
Dark-mantled sooty albatross M42 2.6875 . 
Dark-mantled sooty albatross M43 3.4588 1.6206 
Dark-mantled sooty albatross M44 6.8948 27.6890 
Southern giant petrel M45 7.5810 53.8559 
Southern giant petrel M46 7.2464 6.4942 
Southern giant petrel M47 9.7061 25.5736 
Southern giant petrel M48 9.3953 14.8181 
Southern giant petrel M49 . . 
Wandering albatross M50 3.4617 11.0596 
Wandering albatross M51 9.9101 31.2828 
Wandering albatross M52 10.1877 34.4597 
Wandering albatross M53 . . 
Wandering albatross M54 7.7597 45.9629 
Wandering albatross M55 5.1968 24.0701 
Wandering albatross M56 10.8003 29.9461 
Wandering albatross M57 7.7373 . 
Wandering albatross M58 22.1564 27.3389 
Wandering albatross M59 54.8920 53.3769 
 
